Total DNA of various Rhizobium galegae strains representing different geographical origins, and taxonomic divergence was digested with three restriction enzymes separately, Southern blotted, and hybridized with six heterologous probes. The sequence divergences for different pairwise comparisons were calculated from proportions of conserved hybridizing fragments. The unweighted pair group method was used to group the strains. The symbiotic common nod and niJHDK probes used were highly conserved and grouped the strains according to the host plant, Galega orientalis or G. officinalis. The grouping derived from combined data of the constitutive hemA, gInA, ntrC, and recA probes was similar to that obtained in total DNA-DNA hybridization experiments. The constitutive probes grouped the strains in a different order than did the symbiotic probes, a result that may reflect interstrain transfer of symbiotic sequences in the course of evolution.
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Fast-growing rhizobia nodulating the legume species Galega officinalis and G. orientalis (goat's rue) have recently received attention because of the potential agronomic importance of their host plants as perennial nitrogen-fixing forage crops for temperate regions (10, 12, 15, 27) . Features that distinguish goat's rue rhizobial strains from other bacteria within the genus Rhizobium are DNA homology (13, 28) , rRNA-DNA homology (8) , bacteriophage typing (11, 13) , lipopolysaccharide and protein patterns (18) , and metabolic properties (14) . For example, the mean relative DNA homology between 10 strains nodulating Galega sp. with reference DNA from strain HAMBI (The Culture Collection at the Department of Microbiology, University of Helsinki) 540, which forms effective (nitrogen-fixing) nodules on G. orientalis, was 77 ± 9%, compared with 19 ± 16% homology between HAMBI 540 and other rhizobia and bradyrhizobia (13) . The Galega rhizobia are also very host specific, nodulating only their own host plants. Similarly, rhizobia from other species do not normally infect the Galega plants (13, 16) . The Galega rhizobia infect their host plants through the root hairs and form nodules with an apical meristem. Strains isolated from G. orientalis form effective nodules on that plant but ineffective nodules on G. officinalis and vice versa (13, 17) . It has recently been suggested that the Galega rhizobia form their own species, Rhizobium galegae (10) .
In this work, we studied the genetic relatedness between R. galegae strains representing different geographic origins and taxonomic divergence observed in earlier studies. Four strains of G. orientalis and seven strains of G. officinalis were included. Total DNA isolated from the strains was digested with restriction enzymes and hybridized separately to sequences carrying common nod genes of Rhizobium meliloti, nifHDK, hemA, and recA genes of R. meliloti, and glnA and ntrC genes of Azorhizobium caulinodans. Restriction fragment length polymorphism of fragments hybridizing with the DNAs was used to calculate the sequence divergences between the strains; on the basis of the comparisons, dendrograms were constructed.
Because of the strict host specificity of the Galega rhizobia, we were especially interested in comparing the relatedness of strains from the two different host plants. To * Corresponding author.
facilitate conclusions about the evolutionary origin of the symbiotic genes, we also studied how closely the symbiotic sequences in R. galegae strains are related to one another compared with sequences expressed also in the free-living state. Finally, groupings made in this work were compared with groupings based on the earlier taxonomic studies and total DNA homology tests.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Rhizobium strains used in this work are listed in Table 1 . Strains were maintained at 4°C on yeast extract-mannitol agar plates (13) . Cells for DNA isolation were grown in tryptone-yeast extract broth (1) overnight at 28°C. Plasmids carrying probe sequences (Table 2) were maintained in Escherichia coli HB101 or DK1 on Luria broth agar plates containing marker antibiotics (19) .
DNA isolation. Total DNA of Rhizobium strains was isolated from 10 ml of overnight cultures, which were washed in 3 ml of 10 mM Tris (pH 8.0)-i mM EDTA-100 mM NaCl and suspended in 5 ml of 10 mM Tris (pH 8.0)-25 mM EDTA. Cells were lysed by adding first 300 ,ug of lysozyme (Boehringer Mannheim Biochemicals) per ml, followed by incubation for 20 min at 37°C. Then 700 ,ug of protease (Sigma Chemical Co.) per ml and 1% sarcosyl (Sigma) were added, and incubation was continued for 90 min at 37°C. The lysates were extracted twice with phenol, once with chloroform, and twice with ether. Excess ether was evaporated at 50°C. DNA was precipitated with 2x volumes of ice-cold 94% ethanol, washed with 70% ethanol, and suspended in 10 mM Tris (pH 8.0)-i mM EDTA (TE).
The concentration and purity of the DNA were determined using UV spectroscopy. Plasmid DNAs were extracted by the alkaline lysis method and purified in a cesium chlorideethidium bromide gradient (19) .
Probe sequences. Restriction digests were prepared as specified by the restriction enzyme manufacturers (Boehringer Mannheim and Promega Biotec). After restriction digestion and agarose (Sigma) gel electrophoresis in Tris borate slab gels (19) , pieces of agarose containing probe sequences were cut out and crushed by injection through a 0.6-mm needle, extracted twice with phenol and twice with ether, precipitated with 0.7 volumes of isopropanol, washed at 42°C. Kodak X-Omat films with intensifying screens were used for autoradiography at -80°C. Sequence divergences and dendrograms. Sequence divergences between the strains were determined by pairwise comparisons of hybridized fragments of the strains with each probe, combining the data from hybridizations of separate BamHI, EcoRI, and HindlIl digestions. Divergences were determined as proportions of base substitutions. In the calculations, the relative proportion of conserved hybridizing fragments compared with all hybridizing fragments of a strain pair was used (20) . Strains were grouped according to sequence divergences by the unweighted pair group method, using arithmetic averages (25) .
RESULTS
Fast-growing rhizobia have several genes that are expressed only during interaction with the host plant. In this study, sequences carrying the R. meliloti common nod genes, participating in the early interaction with the host plant, and the nifHDK genes, encoding the subunits of the nitrogenase enzyme, represented genes that are clearly symbiotic. Both symbiotic sequences arranged the tested strains distinctively according to the host plants, G. officinalis and G. orientalis. Within these groups, sequences were highly conserved ( Fig. 1 and 2) .
The four other probe sequences carried hemA (R. meliloti), encoding 5-aminolevulinic acid synthetase (the first enzyme in the heme synthesis pathway), recA (R. meliloti), encoding the RecA protein, ginA (A. caulinodans), coding for glutamine synthetase, and ntrC (A. caulinodans), coding for a regulator of nitrogen metabolism. A. caulinodans and R. meliloti were assumed to be equally related to all R. galegae strains compared. Thus, the probability of getting extra hybridizing fragments as a result of unspecific hybridization was considered to be the same for all strains. The more or less constitutively expressed sequences were not as conserved as the symbiotic sequences among strains nodulating the same host plant. These sequences grouped the strains in a different order than did the symbiotic sequences ( Fig. 1 and 2 ). With respect to these sequences, some G. officianalis strains were more closely related to the G. orientalis strains than to the other G. officinalis strains.
With the glnA and the hemA probes, we got several more weakly hybridizing fragments in addition to fragments hybridizing clearly (Fig. 1) 
DISCUSSION
In this work, we used restriction fragment length polymorphism to assess the genetic relatedness of R. galegae strains. Among strains nodulating the same host plant, G. officinalis or G. orientalis, we found that symbiotic sequences, carrying genes expressed only during interaction with the host plant (common nod and nifHDK), were more conserved than the more or less constitutively expressed sequences (hemA, ginA, ntrC, and recA). With each probe used, at least one of the hybridizing fragments of every strain was shared with some other strain. This fact decreases the probability of broader reorganizations in and around these sequences, which probably would have relocated the recognition sites of all three restriction enzymes, and justifies the use of proportions of base substitutions for sequence divergence determinations.
The symbiotic sequences used by us carried common nod and nif genes, which are highly conserved. Homology of nif sequences among a wide range of nitrogen-fixing organisms (23) , has been thought to be due to relatively late distribution of these sequences from a common donor or to strict structural requirements of these sequences. The common nod and nifHDK genes are often located on large plasmids in fast-growing rhizobia. If the plasmids are transmissible, transfer between organisms of the genes that they carry is possible. Transfer has also been demonstrated both in the laboratory and in soil (3, 7, 24, 29) , where Sym plasmid transfer was believed to result in a common pool of Sym plasmids for Rhizobium leguminosarum biovar viciae strains (29) and R. leguminosarum biovar trifolii strains, respectively (24) . Different nitrogen-fixing organisms have been grouped according to divergences between their nif genes and their 16S rRNA genes. These genes, 16S rRNA genes being ancient, grouped the organisms in the same order, which was taken as evidence against a later transfer of nif genes.
However, genes are probably under pressure to change into the most usable form after transfer to a new host. This could partly explain the finding that grouping of the organisms by using nif genes gave results similar to those obtained by grouping using 16S rRNA sequences (6, 22, 26) . In our study, the symbiotic sequences grouped the strains primarily according to host plant, whereas sequences carrying constitutively expressed genes combined a group of strains nodulating G. officinalis with the strains nodulating G. orientalis before these strains formed a cluster with the other strains nodulating G. officinalis. Therefore, recent transfer of symbiotic sequences among the strains tested cannot be excluded, especially since the nif genes are located in plasmids in R. galegae (unpublished results). An alternative explanation could be that the requirements of the host plants for the symbiotic sequences are more strict than the requirements for the nonsymbiotic sequences and vary between the host plants. Because it has not been possible to trace the strains used in this study to their sites of origin (Galega is not indigenous in the United Kingdom, United States, New Zealand, or Finland), the possibility that the divergence of the two host range types reflects geographic differences cannot be completely ruled out. However, if the latter is true, the results strongly suggest that a recent transfer of symbiotic sequences within the two geographic populations has taken place.
A correlation between symbiotic performance and molecular constitution of symbiotic sequences carried on plasmids was also established for R. leguminosarum biovar trifolii by Schofield et al. (24) . They also found a correlation between symbiotic and chromosomal sequences, as did Young and Wexler for R. leguminosarum biovar viciae (29) . However, these authors used only one chromosomal probe for their experiments, whereas four chromosomal probes were used in this work.
The four nonsymbiotic sequences best represented the total genome of the strains, because the grouping based on data obtained with them was very similar to results obtained in DNA-DNA homology experiments in which total DNA was used (13) . DNA hybridizations with the nonsymbiotic probes used by us is therefore a good alternative to hybridizations using labeled total DNA as a reference in Rhizobium taxonomy.
